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Parp-1 and Parp-2 are activated by DNA breaks and have
been implicated in the repair of DNA single-strand breaks
(SSB). Their involvement in double-strand break (DSB)
repair mediated by homologous recombination (HR) or
nonhomologous end joining (NHEJ) remains unclear. We
addressed this question using chicken DT40 cells, which
have the advantage of carrying only a PARP-1 gene but not
a PARP-2 gene. We found that PARP-1~/~ DT40 mutants
show reduced levels of HR and are sensitive to various
DSB-inducing genotoxic agents. Surprisingly, this pheno-
type was strictly dependent on the presence of Ku, a DSB-
binding factor that mediates NHEJ. PARP-1/KU70 double
mutants were proficient in the execution of HR and
displayed elevated resistance to DSB-inducing drugs.
Moreover, we found deletion of Ligase IV, another NHEJ
gene, suppressed the camptothecin of PARP-1~/~ cells. Our
results suggest a new critical function for Parp in mini-
mizing the suppressive effects of Ku and the NHEJ path-
way on HR.
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Introduction

Poly (ADP-ribosylation), the covalent attachment of ADP-
ribose moieties derived from NAD to target proteins, is one of
the earliest cellular responses to DNA-strand breaks. This
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post-translational modification of proteins sequesters nega-
tive charge at the site of DNA damage and thereby modulates
the properties of the chromatin structure and directs the
access and/or function of repair proteins (Huber et al,
2004; Rouleau et al, 2004). Among 17 potential Poly (ADP-
ribosylation) proteins (Parps) in the mammalian genome,
only Parp-1 and Parp-2 are known to act in the DNA damage
response (Ame et al, 2004). Mice deficient in either of these
enzymes are sensitive to ionizing radiation (IR) and alkylat-
ing agents (Wang et al, 1995; de Murcia et al, 1997; Masutani
et al, 1999; Schreiber et al, 2002) and a simultaneous deletion
of both impairs murine embryonic development (Menissier
de Murcia et al, 2003). Parp-1 and Parp-2 interact with each
other and are found in a larger protein complex including
XRCC1 and DNA polymerase-f and DNA ligase III (Masson
et al, 1998; Schreiber et al, 2002). Taken together, biochem-
ical and genetic evidence firmly supports a role for Parp-1 and
Parp-2 in the base excision repair (BER) repair pathway,
in which it functions in damage detection, signaling, and
recruitment of Xrccl to the lesion.

Besides its binding to BER proteins, biochemical studies
revealed a physical interaction between Parp-1 and the Ku/
DNA-PK complex that is involved in the nonhomologous end-
joining (NHEJ) pathway of double-strand break (DSB) repair
(Ariumi et al, 1999; Galande and Kohwi-Shigematsu, 1999; Li
et al, 2004). These studies also established Ku and DNA-PK as
a substrate of Parp-1. The in vivo relevance of this interaction
is not understood, but Li et al’s study suggests that Parp-1
could decrease the affinity of Ku to DSBs. It is, thus, con-
ceivable that Parp-1 and/or Parp-2 play a role in the repair
of DSBs by homologous recombination (HR) and NHEJ. HR
repairs DSBs by using the information of a homologous
sequence, preferentially the sister-chromatid, as a blueprint,
while NHEJ directly ligates the broken ends, often resulting
in the loss of genetic information (Paques and Haber, 1999).
The initial step after DSB formation decides which pathway
will be chosen. Access of an exonuclease creates a 3’ single
strand tail that will be covered with Rad5!l and initiate the
subsequent HR reaction (Baumann and West, 1998). NHEJ,
on the other hand, is initiated by the binding of the Ku
heterodimer (consisting of Ku70 and Ku80) and DNA-PK to
the double-strand break (DSB) (Downs and Jackson, 2004).
Several studies have proposed a direct competition between
NHEJ and HR (Takata et al, 1998; Fukushima et al, 2001;
Pierce et al, 2001; Frank-Vaillant and Marcand, 2002), and a
recent cytological study by Kim et al (2005) shows that even
in S-phase cells NHEJ factors are recruited to sites of DSBs.
The precise regulation of the balance between these two
pathways is poorly understood.

Apart from its physical interaction with Ku, the following
evidence links Parp with DSB repair: Parp has been proposed
to carry out an antirecombinogenic function (Lindahl et al,
1995), because deletion or inhibition of Parp-1 results in an
increase in sister-chromatid exchange (Oikawa et al, 1980;
Wang et al, 1995; de Murcia et al, 1997; Masutani et al, 1999).
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Furthermore, cells carrying truncations of BRCA2, a protein
that interacts with Rad51 and plays an important role in HR,
are highly sensitive to inhibition or knock down of Parp-1
(Bryant et al, 2005; Farmer et al, 2005). Moreover, double
deletions of PARP-1 and DSB repair and checkpoint genes
such as KU80 and ATM are synthetically lethal in mice
(Menisser-de Murcia et al, 2001; Henrie et al, 2003), while
PARP-1 deletion partially suppresses the V(D)J recombination
defect observed in DNA-PK-deficient SCID mice (Morrison
et al, 1997). Taken together, these data suggest a complex
relationship between poly(ADP-ribosylation) and DSB repair.
However, several recent studies have come to the conclusion
that Parp-1 is not directly involved in DSB repair (Noel et al,
2003; Schultz et al, 2003; Yang et al, 2004).

A PARP-1/2 double knock out cell line, where the repair-
associated Parp activity is completely suppressed, might be
necessary to obtain conclusive evidence about the DSB repair
function of Parp. Here we use the chicken B-lymphocyte cell
line DT40 (Sonoda et al, 2001) to reassess the question of
Parp and DSB repair by reverse genetics. Chickens appear to
lack a Parp-2 homolog, and the phenotype of PARP-1~/~
DT40 cells could thus reflect the complete absence of
repair-associated poly (ADP-ribosylating) activity, equivalent
to a mammalian cell lacking Parp-1 and -2. We found that
DT40 cells lacking Parp-1 were sensitive to IR, camptothecin
(CPT), and DNA-methylating agents. Judged by impaired
induction of sister chromatid exchange (SCE) in response to
CPT, as well as by directly comparing levels of gene-conver-
sion induced by the endonuclease I-Scel, these cells appeared
to have reduced levels of HR. Deletion of Ku70 in these
PARP-17/~ cells re-established their ability to perform HR
and conferred resistance to IR and CPT. We conclude that
Parp-1 protects the HR pathway from toxic interference
by Ku70, and suggest a new function for Parp in controlling
DSB repair.

Results

Generation and characterization of PARP-1/~ DT40
cells

In order to delete Parp-1 in DT40 cells, we designed a gene-
targeting construct to replace exons 3 and 4 of the chicken
PARP-1 gene with selection marker cassettes (Supplementary
Figure 1). These constructs were used to target the PARP-I
gene in wild-type (WT) cells and in KU70 /" cells (Takata
et al, 1998). Confirmation of successful gene targeting by
Southern blotting is shown in Supplementary Figure 1. Gene
disruption resulted in a suppression of Parp-1 protein expres-
sion as judged by immunoblotting in both WT and KU70~/~
cells (Figure 1A). Thus, we conclude that we successfully
created PARP-1~/~ DT40 cells.

PARP-1"/~ clones were viable, but proliferated slightly
more slowly than WT cells (Figure 1B) and were hypersensi-
tive to IR (Figure 1C). We obtained three independent
PARP-17/~ clones that showed a very similar phenotype
with little clonal variation. All further experiments presented
here were performed with Clone Nr.3. We next attempted to
identify a chicken homolog of Parp-2 in order to generate
Parp-1 and 2 double knock out DT40 cells. However, we could
not find PARP-2 in the chicken genome or in EST databases,
while other members of the Parp family such as Parp-3 were
identified by homology searches. Parp-2 was originally dis-
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Figure 1 Characterization of PARP-1/~ cells in DT40. (A)
Immunoblot analysis of DT40 WT and PARP-1~/~ and PARP-1/
KU70~/~ cells using anti-Parp-1, Ku70 and Rad5l antibodies.
(B) Growth curves of WT cells and three different PARP-1=/~ clones.
(C) Sensitivity of WT and PARP-1~/~ clones to indicated doses of
ionizing radiation, monitored by colony formation assay in methyl-
cellulose. Values of the Y-axis indicate the percent ratio of the
number of colonies after IR exposure versus the number of un-
exposed colonies. The means of three independent experiments,
and standard deviation are shown.

covered because high levels of cytotoxic treatment still trig-
gered detectable levels of ADP-ribose polymer synthesis in
PARP-1 ~/~ mouse cell lines (Ame et al, 1999). We reasoned
that if Parp-2 was indeed absent in chicken, PARP-1~/~ DT40
cells should lack any residual poly(ADP-ribosylating) activity
in response to DNA damage. To confirm this, we probed
WT and PARP-17/~ cells before and after H,O, exposure by
immunofluorescence using an anti-poly(ADP-ribose) (PAR)
antibody. In WT cells, 1 mM H,0, induced strong PAR syn-
thesis (Figure 2A) that was absent in untreated cells and cells
cotreated with 1 mM H,0, and the Parp inhibitor 3-amino
benzamide (3-AB) (data not shown). Unlike mouse embryo-
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Figure 2 Apparent absence of a PARP-2 gene in PARP-1"/~ cells.
(A) Imaging of 1mM H,0, treated WT and PARP-17/~ cells by
immunofluorescence using the 10H monoclonal anti-PAR antibody.
Images of PAR staining with 10H primary and FITC-labeled second-
ary images, and merged FITC and DAPI images are shown.
(B) Measuring polymer formation in DT40 cells. WT or PARP-17/~
cells were either untreated (a), exposed to 1 mM H,0, (b), or 1 mM
H,0, and 3AB (c). Cells (10°) of each sample were permeabilized
and exposed to [**P]NAD. The cells were lysed in sample buffer and
analyzed by SDS-PAGE and autoradiography; protein levels in
each lane were compared by Coomassie staining (not shown).
(C) Immunoblot analysis of human HeLa cells (a), DT40 WT
cells (b), PARP-17/~ cells that stably expressed human Parp-1 (c),
PARP-1-/~ cells (d), or PARP-1~/~ cells that stably expressed human
Parp-2 (lane e) using the indicated antibodies. (Note that human
Rad51 runs with higher velocity than chicken Rad5lon the SDS-
PAGE). (D) Sensitivity of the indicated cell lines to increasing doses
of IR assayed by colony formation, as described in Figure 1 and
Materials and methods; shown are the means of three independent
experiments and standard deviation.

nic fibroblast cell lines lacking Parp-1, our DT40 PARP-1"/~
cells did not show a similar response to 1 mM H,0, and
appeared to be devoid of nuclear PAR (Figure 2A). We
could, however, detect a single or double spot of immuno-
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fluorescence in the cytoplasm of anti-PAR-antibody-stained
PARP-1"/" cells. This remaining cytoplasmic PAR could be a
product of Parp-3 activity at the centrosomes (Augustin et al,
2003), but we did not further investigate this point. Next,
we performed a biochemical assay to measure polymer
formation in mutant and WT cells. We added radiolabeled
[**P]NAD to permeabilized WT and PARP-1~/~ cells that were
pretreated with H,0,, and analyzed the resulting 3*P-labeled
PAR carrying proteins by SDS-PAGE and autoradiography.
WT cells exhibited a major band of about 100 kDa that could
be automodified Parp-1 itself and a smear of radiolabeled
bands at lower molecular weights (Figure 2B). There was a
slight induction of Parp activity after addition of H,0,, but
Parp appeared to be already highly active in the untreated
cells (Figure 2B WT lanes a and b). This activation may have
been a result of DSBs introduced during the cell permeabili-
zation. Parp activity dropped below detection limit in the
presence of 3-AB (Figure 2B WT lane c). Confirming the
results of our immunofluorescence experiment, PARP-1~/~
cells did not contain any detectable poly(ADP-ribosylated)
proteins in this assay (Figure 2B PARP-1~/~ lanes a, b, and c).

These results support our initial hypothesis that chickens
might lack Parp-2. DT40 PARP-1"/~ cells could thus be
equivalents to a PARP-1/2 double mutant in a mammalian
cell line. If these two Parp subtypes indeed share an over-
lapping function, overexpression of either of these proteins
should revert the chicken PARP-1~/~ phenotype. We tested
this idea by establishing PARP-1~/~ DT40 cells expressing
human Parp-1 or Parp-2. Expression levels of the transgenes
were confirmed by immunoblotting (Figure 2C). Expression
of either hParp-1 or hParp-2 completely suppressed the IR
sensitivity of PARP-1~/~ DT40 cells (Figure 2D). We conclude
that DT40 PARP-1~/~ cells lack DNA damage-inducible Parp
activity and thus appear to be the genetic equivalent of
a mammalian PARP-1/2 double deletion.

Genetic interaction of chicken PARP-1 and KU70

Our primary aim in this study was to investigate the genetic
interactions of Parp with players of the NHEJ pathways of
DSB repair. We first focused on Ku, because this protein
complex binds to Parp-1 and is poly(ADP-ribosylated)
in vitro (Ariumi et al, 1999; Galande and Kohwi-
Shigematsu, 1999; Li et al, 2004). We compared PARP-17/~
cells with PARP-1/KU70~/~ cells (see above) with regard to
their sensitivity to various genotoxic agents. To control for
unexpected genetic alterations, we re-established Ku70
expression in this clone by stable integration of a vector
carrying the Ku70 cDNA under the control of the CMV
promoter. This cell line was thus expected to show the
same phenotype as the PARP-1 /™ single mutant.

We first tested the IR sensitivity of these various cell lines.
Figure 3A shows that KU70~/~ mutants are more than twice
as sensitive as WT cells based on lethal dose (LD)10%. This is
probably due to the high mortality of the G1 fraction of cells
after low doses of irradiation (Takata et al, 1998). The
remaining S- and G2-phase cells display elevated IR resis-
tance, resulting in a decline of the slope of the sensitivity
curve. This difference in resistance between WT and KU70 ™/~
cells is likely due to the competition between Ku70 and the
HR pathway (Takata et al, 1998; Fukushima et al, 2001; Pierce
et al, 2001; Frank-Vaillant and Marcand, 2002). Surprisingly,
KU70™/~ had a suppressor effect on PARP-1~/~ IR sensitivity
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Figure 3 Differential interaction of KU70 with PARP-1 and POL-B
(A) IR sensitivity of PARP-1"/~, PARP-1/KU70~/~, and other indi-
cated cell lines. (B) Sensitivity of the same cell lines to continuous
exposure of the indicated concentrations (nM) of CPT. (C)
Sensitivity of the indicated cell lines to 1h pulse exposure to 25
and 50 pg/ul MMS. (D) MMS sensitivity as in (C) of POL-B~/~ and
POL-B/KU70~/~ cell lines. The means of three independent experi-
ments and standard deviation are shown.

at higher doses because the double mutants showed the same
biphasic resistance pattern as the KU70~/~ single mutant.
Expression of the KU70 cDNA reversed this suppression,
confirming that the IR sensitivity of PARP-1~/~ indeed
depends on the presence of Ku70. We next examined the
interaction of Parp-1 and Ku in clonogenic survival after CPT
and methyl-methanesulfonate (MMS) treatment. PARP-1~/~
DT40 cells proved to be extremely sensitive to continuous
CPT exposure, while KU70~/~ cells were more resistant than
WT cells as Adachi et al (2004) previously observed. Deletion
of KU70 in PARP-1"/~ cells restored CPT resistance to WT
levels, but these mutants were still more sensitive than
KU70~/~ cells (Figure 3B). In the case of MMS, the Ku70
deletion also improved the clonogenic survival of PARP-1~/~
cells, but the double mutants were still considerably more
sensitive than WT DT40 cells (Figure 3C). We observed a
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similar partial reversal of sensitivity to other base-damaging
drugs such as MNNG and H,0, (data not shown).

Deletion of KU70 does not suppress the polymerase-f
phenotype

We first hypothesized that the suppression of the Parp-1
mutant phenotype by deletion of Ku could be an indirect
result of more efficient HR in KU70 ™/~ cells. A BER defect in
PARP-17/~ cells is likely to lead to an accumulation of single
strand breaks (SSBs) that are converted into DSBs during
DNA replication. Deletion of Ku70 could allow more efficient
repair of these DSBs by HR. If this were true, mutants in other
BER repair genes such as polymerase-p (POL-B) should show
a similar sensitivity reversal in the absence of Ku70. To test
this idea, we established POL-B/KU70~/~ cells by targeting
the POL-f gene in KU70~/~ cells (see Materials and methods)
and probed the MMS sensitivity of the single and double
mutants. Figure 3D shows that in contrast to PARP-1/KU70~/~
cells, the MMS sensitivity of POL-B/KU70~/~ was increased
when compared to POL-$ single mutants. Thus, the observed
interaction of Parp-1 and Ku does not generally take place in
BER repair mutants. We also tested the IR and CPT-sensitivity
of POL-B single and POL-B/KU70 double mutants. POL-B~/~
cells however, do not show a significant sensitivity to these
agents and POL-B/KU70 double mutants show the same
resistance as KU70 single mutant DT40 cells (data not
shown).

Chicken Parp-1 protects HR from interference by Ku70
The suppression of the PARP-1~/~ phenotype by inactivation
of Ku70 could be explained by an inhibitory effect of Ku70
on HR that is counteracted by Parp-1. In order to test the HR
efficacy in WT and mutant DT40 cells, we measured gene
conversion induced by the rare-cutting endonuclease I-Scel
using the SCneo construct (Johnson and Jasin, 2000). In this
construct, two mutant neomycin allels that are complemen-
tary to each other are localized in tandem. One neo-coding
region (S2neo) is disrupted by the I-Scel cleavage site, while
the other serves as a donor in the HR reaction that restores a
functional neomycin gene. We integrated this construct in the
ovalbumin locus of DT40 WT, PARP-1"/~ cells, and PARP-1"/~
cells that expressed human Parp-1 (see Figure 2). Thus, each
mutant had a single copy of the SCneo construct integrated at
the same locus in the chicken genome. After transiently
expressing the I-Scel endonuclease in these cells, we per-
formed clonogenic survival assays in G418containing methyl-
cellulose. Figure 4A shows that while 1.8% of the WT cells
successfully underwent gene conversion and reconstituted
G418 resistance, the same reaction occurred only in 0.5% of
the PARP-1"/~ cells. Overexpression of hParp-1 elevated the
rate of I-Scel-induced gene conversion to levels comparable
to WT cells (1.6%). Hence, PARP-1~/~ DT40 mutants are
compromised in their ability to perform HR.

Next, we investigated whether the reduction of HR in
PARP-17/~ cells is a consequence of the presence of Ku70.
We targeted the same SCneo construct as described above
to the Ovalbumin locus of PARP-1/KU70~/~ cells as well as
KU70 single mutants and compared the I-Scel-induced gene
conversion rate of these mutants to PARP-1~/~ and WT cells
as described above. We also tested the effect of transient
expression of Ku70 in each cell line, and Ku expression levels
were confirmed by immunoblotting as shown in Figure 4C.
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Figure 4 SCneo gene conversion assay. (A) Indicated cell lines
carrying the scneo construct integrated in the OVA locus were
transfected with I-Scel endonuclease and plated in methylcellulose
with or without G418. Each bar indicates the percent ratio of the
number of colonies growing with and without 6418. (B) Scneo gene
conversion assay, as in (A), in indicated cell lines with (black bars)
or without (gray bars) coexpression of KU70 transgene. Transfection
of the I-Scel endonuclease and Ku70 in this experiment was
performed using nucleofection (AMAXA) resulting in higher trans-
fection efficacies than in (A) (see Materials and methods). In both
(A) and (B), mean values of three independent experiments and
standard deviation are shown. (C) Confirmation of Ku70 over-
expression by analyzing extracts of cell lines with the indicated
genotypes after transfection of control or Ku70 expression vector by
immunoblotting with the anti-Ku70 antibody, and an anti-cyclin B2
antibody as a loading control.

In this experiment, the PARP-1/~ cells scored less than half
of the HR events of WT cells (Figure 4B). Conversely,
PARP-1/KU70~/~ cells showed a higher gene conversion
efficacy than WT DT40 cells, similar to KU70 single knock
out cells. Transient expression of chicken Ku70 had a pro-
nounced effect only on PARP-1~/~ and PARP-1/KU70~/~ cell
lines, resulting in a three- and four-fold decrease in recombi-
nation efficacy, respectively. Thus, the presence or absence
of Parp-1 drastically changes the inhibitory effect of Ku on HR
in DT40 cells.

CPT induced SCE is decreased in PARP-1~/~ but not
PARP-1/Ku70 /= cells

Figure 3B shows that PARP-17/~ cells are highly sensitive to
CPT. In fact, among all DT40 repair mutants tested in our
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laboratory, PARP-1-null mutants appear to display the lowest
tolerance to CPT exposure (Takeda lab., unpublished results).
We decided to investigate whether the reversal of CPT
sensitivity in PARP-1/KU70~'~ cells, shown in Figure 3B,
could be the consequence of a direct involvement of Parp-1
in HR-mediated repair. CPT blocks Topoisomerase-I in a state
where it is covalently linked to nicked DNA. The resulting
protein/DNA crosslinks are obstacles to both DNA replication
and transcription and appear to be repaired by the SSBR
pathway (Pommier et al, 2003). Replication forks stalling at
these lesions result in the formation of DSBs that are repaired
by HR, using the intact sister chromatid as a template.
Consequently, yeast mutants in the RADS52 epistasis group
are also sensitive to CPT (Pommier et al, 2003), as are several
DT40 cell lines defective in HR genes (Takeda lab., unpub-
lished results). In order to examine the state of HR in
PARP-1"/~ and PARP-1/KU70~/~ cells, we examined sponta-
neous and CPT-induced SCE. As shown in Figure 5, PARP-1~/~
cells displayed an increase in spontaneous exchange events
as compared to WT cells and SCE was further increased
in PARP-1/KU70 double mutants. KU70~/~ single mutants
showed levels of SCE similar to WT cells. Exposure to
2.5nM CPT induced, in average, 8 SCE events in WT cells.
PARP-1/~ cells did not appear to respond to the same dose of
CPT with elevated rates of SCE, while PARP-1/KU70 double-,
as well as KU70 single mutants, had higher levels of induced
SCE than WT cells, on average, 11.6 and 18.4 events per cell,
respectively (the numbers are calculated from differences
between the mean values of spontaneous and induced SCE
in 50 nuclei as shown in Figure 5).

Deletion of ligase IV (LIG4) is dominant over the
PARP-1"/~ phenotype

We next extended our genetic analysis by establishing PARP-
1/LIG4~/~ DT40 cells and testing their IR- and CPT sensitivity.
We targeted both PARP-1 alleles in the previously described
LIG47/~ cells (Adachi et al, 2001) and confirmed the success-
ful deletion of Parp-1 by immunoblotting (Figure 6A).
LIG4~/~ cells are IR sensitive as shown in Figure 6B. Dele-
tion of PARP-1 did not further sensitize these mutants to IR. In
the case of CPT, LIG4 /™ cells, similar to KU70~/~ cells (see
Figure 3), displayed an elevated resistance to CPT as pre-
viously observed by Adachi et al (2004). Similar to PARP-1/
KU707/~ cells, PARP-1/LIG4 double mutants were more
resistant to CPT than PARP-1 single mutants and showed
a similar survival as WT cells. Thus, the phenotype of LIG4
is dominant over PARP-1 and suppresses the CPT sensitivity
of cells lacking Parp-1.

Inhibition of Parp in human NALM6 lymphocytes
sensitizes WT but not LIG4 /- mutants to CPT

The results from our experiments with DT40 mutants, des-
cribed in the sections above, suggest a novel, unexpected
interaction between Parp and the NHEJ pathway in DSB
repair. Experiments on DSB repair in DT40 cells, generally
correlate well with findings in mammals, but the high
recombination levels in this cell line could also result in
phenotypes, which are irrelevant to mammalian cells, espe-
cially when the balance between HR and NHEJ is the subject
of the investigation. In order to investigate the role of Parp in
NHEJ mutants in a human cell line, we analyzed the effects of
a chemical Parp inhibitor DPQ ([3,4-dihydro-5-[4-(1-piperidi-
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Figure 5 Spontaneous and CPT-induced SCE exchange. Cells were
labeled with 1mM BrdU during two cell cycle periods with (in-
duced) or without (spontaneous) CPT treatment (2.5nM) for the
last 5.5h. SCE in macrochromosomes of 50 nuclei were counted.
The data are presented in histograms showing the frequency of
nuclei with the indicated number of SCE. The mean value and
standard deviation is shown in the upper right corner of each
histogram.

nyl)butoxyl-1(2H)-isoquinolin) (Eliasson et al, 1997) on CPT
sensitivity in human NALM6 lymphocytes that were either
WT or deficient in LIG4 (Grawunder et al, 1998; So et al,
2004). Figure 6D shows that DPQ treatment leads to a 50%
drop in survival of WT but not LIG4 cells in the presence of
CPT. It is, thus, likely that the observed interaction between
Parp and NHEJ genes is a general feature of vertebrate cells.
Inhibition of Parp in this human cell line, however, leads to
a much less significant sensitization to CPT, then deletion
of Parp-1 in DT40 cells. This difference may reflect the less
potent HR-mediated repair of CPT-induced damage in WT
NALMS6 cells.
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Figure 6 IR and CPT sensitivity in PARP/LIG4™'~ cells. (A)
Confirmation of the Parp-1 deletion in LIG4/~ cells by immuno-
blotting using anti-Parp-1 antibodies, and anti-cyclin B2 antibodies
as a loading control. (B) Colony formation of indicated mutant
DT40 cells after exposure to various doses of IR. (C) Colony
formation assay of DT40 mutants in methylcellulose containing
indicated concentrations of CPT. (D) Cell survival of NALM6 WT
and LIG4 ™/~ cells after 48h growth in liquid medium containing
indicated concentrations of CPT in the presence or absence of 10 uM
DPQ. In experiments B, C and D, the means of three independent
experiments and standard deviation are shown. In (D), standard
deviation was very low and error bars are placed within the icons
representing the various cell lines.

Discussion

Chicken DT40 cells lack a PARP-2 homolog

In this study, we analyzed the effect of Parp-1 deletion on
chicken DT40 cells. Similar to the various Parp-1-deficient
mouse models (Shall and de Murcia, 2000), PARP-1~/~ DT40
cells were sensitive to IR, CPT, and DNA-methylating agents.
In contrast to the mouse PARP-1~/" cells, we could not detect
any residual DNA-strand-break-induced PAR-polymers in the
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DT40 PARP-1~/~ mutants. Furthermore, we were not able to
identify a chicken PARP-2 homolog in both EST libraries and
the chicken genome. Other than in mammals, we identified a
Parp-2 homolog in Xenopus EST libraries and in the Zebrafish
genome. We do not know at this point what determines the
evolutionary advantage of a Parp-2 gene in some species, but
it will be of interest to study the presence or absence of
this gene in various organisms as more and more genomic
information becomes available. Clearly, mouse Parp-1 and
Parp-2 share partially overlapping roles (Menissier de Murcia
et al, 2003) and we could rescue the DT40 PARP-1~/~ radio-
sensitivity by overexpression of either hParp-1or Parp-2. The
lack of a cellular system in which both Parp-1 and Parp-2 are
absent has been an obstacle to our understanding of the DNA-
repair-associated role of Parp. The chicken DT40 PARP-1~/~
cell line, which appears to lack Parp-2, is thus a valuable tool
to further our understanding of the biology of PARP in DNA
repair.

DT40 PARP-1"/~ cells are defective in DSB repair
mediated by HR

Several previous studies came to the conclusion that Parp-1 is
not directly involved in the repair of DSBs induced by IR and
I-Scel (Noel et al, 2003; Schultz et al, 2003; Yang et al, 2004).
Conversely, we found that PARP-1"/~ cells were less efficient
in undergoing I-Scel-induced gene conversion, and failed to
induce SCE in response to CPT. Moreover, IR, CPT, and MMS
sensitivity were at least partly suppressed by deletion of the
DSB repair factor Ku. Taken together, these data suggest that
DT40 cells lacking Parp-1 are compromised in their capacity
to perform HR. The lack of Parp-2 might be a possible
explanation for this difference between mouse and chicken
PARP-17/ cells. Alternatively, Parp-1 might have a separate
function in HR in chicken. The high level of HR in DT40 cells
might also contribute to differences in efficacy that would
otherwise be below the detection limit. In general, however,
DT40 cells have proved to be very useful to identify genes
involved in HR and the data obtained from this cell line tend
to correlate very well with results from mouse genetic
studies. This issue will only be resolved once a mammalian
PARP-1/Parp-2~"/~ cell line becomes available.

Ku is toxic in PARP-1"/~ DT40 cells

Our analysis of PARP-1 single- and PARP-1/KU70 double
mutants suggests that Parp-1 function is genetically inter-
twined with NHEJ and HR. We found that IR, CPT, and MMS
sensitivity in PARP-17/~ cells were at least partially sup-
pressed by the deletion of Ku, and that PARP-1/KU70 double
mutants were in fact more IR and CPT resistant than WT cells.
Our data suggest that the HR defect of PARP-1~/~ DT40 cells
depends entirely on the presence of Ku. Several previous
studies suggested that Ku competes with HR by binding to
DSBs and channeling the repair events toward the NHEJ
pathway (Takata et al, 1998; Fukushima et al, 2001; Pierce,
2001; Frank-Vaillant and Marcand, 2002), so that deletion
of Ku could confer elevated levels of resistance to CPT. In
PARP-17/~ DTA40 cells, the presence of Ku results in reduced
HR efficacy, and, surprisingly, in dramatically increased
DNA-damage sensitivity. Thus, Ku appears to exert a strong
dominant negative effect on HR in DT40 cells lacking Parp-1.
In other words, Parp-1 seems to be required to minimize the
competitive effect of Ku on HR. A role for Parp-1 in protecting
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DNA breaks from unwanted Ku binding correlates well with
biochemical results that suggest a direct interaction between
these two proteins. According to Li et al’s (2004) findings,
the Ku complex is poly(ADP-ribosyl)ated by Parp-1 and this
modification impairs its binding to DNA. These observations
and our genetic data point to a scenario whereby Parp-1
inhibits Ku from binding to DSB and thereby allows access of
the HR machinery.

Suppression of CPT sensitivity in PARP-1/LIG4 double
mutants

Our analysis of the genetic interaction of PARP-1 and LIG4 in
DT40 cells shows that the absence of NHEJ per se appears to
suppress the sensitivity of Parp-1 mutants to CPT. In this case,
it seems to be the execution of the NHEJ pathway, rather then
the mere binding of Ku, that constitutes an unwanted effect as
discussed by Adachi et al (2004). One could imagine that
particular substrates that arise during replication fork col-
lapse and subsequent repair by HR have to be protected from
unwanted ligation, in order to allow the replication fork to
proceed. However, other structures such as the hypothetical
chicken foot could also be unwanted targets of NHEJ in the
absence of Parp. The strong hypersensitivity of PARP-1/~
cells to CPT, and the striking suppression of this phenotype
by both KU70 and LIG4 deletion, suggest that the protection
from these aberrant ligation events might be a crucial func-
tion of Parp.

Interaction of Parp and NHEJ in mammals

In mice, a PARP-1/KU80 double deletion results in early
embryonic lethality (Henrie et al, 2003). This may reflect
the broad spectrum of functions of these two proteins in the
maintenance of chromosome stability as well as other areas
of biology such as cell contacts, telomere maintenance, and
transcriptional regulation (Ame et al, 1999; Downs and
Jackson, 2004). It is possible that Parp-1/2 play a similar
role in minimizing the toxic effects of Ku, but synergies in
other branches of function might nevertheless be detrimental
to a developing embryo lacking both Parp and Ku. The
genetic interactions that we observe in DT40 cells, on
the other hand, have to be viewed in consideration of the
hyper-recombination phenotype of this particular cell line.
However, we could observe a similar interaction between
Parp and NHEJ in human cells. It seems, thus, that in contrast
to yeast, where NHEJ is only a minor pathway, vertebrates
have evolved a mechanism to prevent the more dominant
NHEJ pathway from interfering with essential HR reac-
tions. This study points to a possible role of Parp in this
mechanism.

Multiple DNA repair functions of Parp

While this study proposes a new role for Parp-1 in DSB repair,
our findings also suggest multiple functions of this protein in
other repair pathways, such as BER. Firstly, the observed high
levels of SCE point to genetic instability in PARP-17/~ cells
deriving from problems in repair pathways other than HR.
High levels of SCE are likely to be the result of defects
in repair pathways that cause an increase of HR substrates.
A BER defect in PARP-17/~ cells, for example, would result in
SSBs that are converted into DSBs during DNA replication.
Cells lacking Parp could depend on HR as a back-up mecha-
nism to deal with increased SSB. This dependence has been
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firmly established by two recent studies on the detrimental
effect of Parp inhibitors on cells carrying BRCA2 mutations
(Bryant et al, 2005; Farmer et al, 2005). The presence of Ku70,
however, appears to suppress a subset of these HR reactions
in PARP-1~/~ DT40 cells, because the PARP-1/KU70~/~ dou-
ble mutants display a further increase in SCE levels. Secondly,
the deletion of Ku only partially suppresses MMS sensitivity
in PARP-1"/~ cells. This remaining Ku-independent MMS
sensitivity could reflect the BER repair function of Parp-1.
Thus, PARP-1"/~ cells might be compromised in multiple
repair pathways, one of which results in an increase in
spontaneous SCE, whereas at the same time HR efficacy is
decreased. Figure 7 provides a model of Parp functions in SSB
and DSB repair. This model might be further complicated by
the recent finding of Levy et al (2006) that Xrccl is also
closely linked to Ku and NHEJ. Similar to MMS, the difference
in CPT sensitivity between NHEJ mutants and double
mutants in both NHEJ and PARP-1 genes could be due to a
Ku-independent CPT-repair function of Parp-1 such as the
previously observed reactivation of topoisomerase-I by
Parp-1 (Malanga and Althaus, 2004).

The results presented in this study point to a novel way of
approaching Parp function. Parp inhibitors are promising
therapeutic tools with a variety of applications such as cancer
therapy and aging (Jagtap and Szabo, 2005). The finding that
the deletion of Parp-1 in DT40 cells, or inhibition of Parp in
NALMS6 cells has different effects in different genetic back-
grounds calls for caution, but also raises new possibilities.
Cancer cells that are defective in HR genes might be highly
sensitive to inhibition of Parp-1/2, whereas cells lacking Ku70
could display an increase in resistance. Clearly, Parp-1/2 are
interconnected in different ways with a variety of repair
pathways and represent ideal targets to modulate the effects
of genotoxic treatment.
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HR Ku

|

Spontaneous SCE low
CPT induced SCE moderate

B PARP-17~
Base damage —» HR I— Ku
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CPT induced SCE low
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|
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Figure 7 Model of Parp function in SSB and DSB repair in DT40
cells. One branch of Parp function is the stimulation of SSB repair.
Remaining base damage will be converted into DSB during DNA
replication and repaired by HR. The other branch concerns the role
of Parp-1 in DSB repair in which Parp-1 minimizes the inhibitory
effects of Ku on HR, as proposed in this study. Both functions affect
the balance between HR and NHEJ differentially, as shown in
(A) WT, (B) PARP-1/~ and (C) PARP-1/KU70/~ cells.
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Materials and methods

Construction of gene targeting and expression vectors

To make the chicken PARP-1 gene-targeting construct, a 1kb 5" arm
upstream of exons 2 and 3 was obtained by PCR (5-AGGACTCG
CTGCTGCGCCTG-3’; 5’-CGATGGAAAGTCCCTCA-3’) and cloned into
the Not1 and BamH1 sites of pPGEM-T Easy. The 4 kb 3’ arm was cut
by Sspl and BamH1 from a longer genomic fragment that we
obtained using 5'-AGCTACCAGCTACTAAGACTGAAG-3' and 5'-ACG
GGATGGCGTTTGGAGCTCTGCTTCCTT-3' as primers and cloned
into the pGEM vector containing the 5arm. Various selection
markers were cloned into the BamH]1 site that separated the 5 and
3’ genomic fragments of Parp-1 (see Supplementary Figure 1 for
schematic representation of the PARP-1 locus and the targeting
construct). The polymerase-f targeting construct was made by
Eichiro Sonoda (Yoshimura et al; Tano et al, manuscripts in
preparation). The Ovalbumin-targeting construct carrying Scneo
was described by Fukushima et al (2001). hParp-1 expression vector
was a gift from M Masutani; hParp-2 was cloned from a hParp-2
EGFP vector (Meder et al, 2005) into a pCR3 expression vector that
contained an IRES-GFP element downstream of the multiple cloning
site which was flanked by two loxP sites. To establish cell lines that
stably express the chicken KU70 transgene, pAneo-GdKU70
(Fukushima et al, 2001) was used; for transient expression, the
KU?70 cDNA was cloned into the pCY4B vector (a gift from DrYasui
Tohoku University).

Cell culture

DT40 cells were cultured and transfected as described previously
(Sonoda et al, 1998). Gene targeting was confirmed by Southern
blotting. Parp-1 deletion was confirmed by immunoblotting, and
polymerase-f3 deletion by RT-PCR (data not shown). NALMG6 cells
were cultured as described by (So et al, 2004). To determine the CPT
sensitivity, equal numbers of NALM6 cells were grown in medium
containing various concentrations of CPT in the presence or
absence of 10uM DPQ (Alexis biochemicals). After 48h, the
number of live cells was determined by FACS analysis. The number
of cells in medium without CPT was taken as a reference to calculate
the percentage of survival.

Antibodies, immunoblotting, and immunofluorescence
microscopy

Cells (10%) were lysed in SDS sample buffer, separated by 12.5%
SDS-PAGE, and transferred onto a membrane. Quality of transfer
and amount of loaded protein was routinely checked by Ponceau
staining. The following antibodies were used: anti-Parp-1 (dilution
1/2000 rabbit polyclonal, Monte (Schreiber et al, 2002)); anti-Parp-2
(1/2000 rabbit polyclonal, Yuc, Alexis Biochemicals); anti-Rad51
(1/1000 rabbit polyclonal AB-1 Oncogene); anti-chicken-Ku70
(1/500 rabbit polyclonal (Takata et al, 1998)), anti-cyclinB2
(1/1000 rabbit polyclonal (Gallant and Nigg, 1992)). For analysis
of Rad51 foci, see Yamaguchi-Iwai et al (1999). To measure PAR by
immunofluorecence, DT40 cells (10° cells/ml) were washed with
PBS, either treated or not with 10mM H,0, for 5min at room
temperature and collected on a slide glass using a cytospin. Cells
were fixed for 10 min with ice-cold methanol/acetone (1:1), and
immunodetection of the PAR was performed as described by
Dantzer et al (2004).

Biochemical detection of PAR in DT40 cells

Cells (10°) were washed with PBS and incubated 10 min at 37°C in
56 mM Hepes pH 7.5, 28 mM KCl, 28 mM NaCl, 2 mM MgCl,, 0.01 %
digitonin, 0.125uM NAD, 5uCi [**P]NAD (3000 Ci/mmol), in the
presence or absence of 1 mM H,0, and 10 mM 3-AB . The reaction
was stopped by the addition of 50ul SDS-sample buffer. The
samples were sonicated for 30s and separated by 10% SDS-PAGE.
The gel was dried and exposed O/N at —80°C.

Colony formation assay following genotoxic treatment

Colony formation assay was performed as described previously
(Okada et al, 2002). Briefly, to assess IR sensitivity, serial diluted
cells were plated in medium containing 1.5% (w/v) methylcellu-
lose, incubated for 1h at 39°C, and irradiated with a '*’Cs source.
For continuous CPT exposure, CPT was added at various concentra-
tions to the medium containing methylcellulose and rotated at 4°C
for at least 4 h. MMS pulse exposure was performed similar to CPT
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pulse exposure except that during incubation with MMS, serum was
omitted.

Measurement of SCE levels

Measurements of SCE were performed as described previously
(Sonoda et al, 1999). To detect CPT-induced SCE, cells were
incubated in medium containing 10 uM BrdU and CPT was added at
2.5nM for the last 5.5h of the second cell cycle.

I-Sce1-induced gene conversion of SCneo

Modified SCneo was targeted into the OVALBUMIN locus as
described previously (Fukushima et al, 2001). We used two different
transfection systems: for the experiment shown in Figure 4A, cells
were transfected using the Biorad electroporation system as
described in Fukushima et al (2001). For the experiment in
Figure 4B, 5pg I-Scel endonuclease and Ku expression vectors
were transfected into 5 x 10° cells using the Amaxa nucleofector kit
(program B23). Electroporation was performed according to the
manufacturer’s instructions. In both cases, cells were incubated for
24h, serially diluted, and plated into methylcellulose containing
2mg/ml G418; a control set was plated into methylcellulose without
G418. After 5-7 days, colonies appeared and were counted. We
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